ABSTRACT We investigate a novel hierarchical content delivery strategy for F-RAN in this paper to accommodate the acquisition of popular multimedia files. Particularly, the studied F-RAN is assumed to be formed by base stations (BSs), cache-enabled fog user equipments (F-UEs), and conventional cellular user equipments (C-UEs), where the BSs, F-UEs, and C-UEs are spatially distributed as independent HPPPs. Furthermore, we assume the presence of a multimedia content library F := {1, 2, · · · , F}. To facilitate the repetitive downloading of multimedia files in F for C-UEs, a novel hierarchical content delivery strategy, which comprises of the BS transmission phase and the F-UE transmission phase, is proposed. Particularly, under the proposed hierarchical content delivery strategy, a C-UE with a random file request is jointly and hierarchically served by its associated BS and the F-UEs within a distance of R d . Furthermore, to resolve the contentions among the F-UEs, a carrier sensing-based collision avoidance scheme is adopted in the F-UE transmission phase, and only the F-UEs which have the minimal back-off timer among their respective competitors are selected to deliver the cached file. As such, the proposed hierarchical content delivery strategy can substantially enhance the quality of experience of the F-RAN. In order to analyze the performance of the proposed hierarchical content delivery strategy, we derive the network successful content delivery probability of the F-RAN based on the HPPP approximation of active F-UEs. The simulation examples are presented to verify our analytical results.
I. INTRODUCTION
The past few decades have witnessed a tremendous growth of mobile data traffic, which promotes a dramatic paradigm shift of wireless networking. Particularly, with the increasing popularity of consumer-based multimedia applications, it is anticipated that the number of networked intelligent devices will achieve 28.5 billion by 2022, up from 18 billion in 2017 [1] . It should be noted that such phenomenal trend is accompanied with critical demands from both operators and the end users for higher spectrum efficiency and energy efficiency, flexible network deployment, massive scalability, and ultra-low latency. As such, how to satisfy the growing expectations as well as the stringent requirements is the main challenge of the next generation wireless networks.
F-RAN is considered to be an effective solution to accommodate the data-intensive and delay-sensitive applications
The associate editor coordinating the review of this manuscript and approving it for publication was Zhongyuan Zhao. for massive mobile users [2] - [11] . Particularly, by extending the network functions of caching and computing from the remote cloud sever to the proximity of user devices, F-RAN can relieve the heavy of the backhaul link and significantly improve the network performance.
There have been growing interests [3] , [12] - [22] in the research of wireless caching strategies in F-RAN. Particularly, in [12] , Kang et al. considered the uplink communications in F-RAN system and investigated the optimal split of the functionalities at the cloud and the network edge. In [13] , Kong et al. studied different kinds of user access modes and evaluate the coverage performance of F-RAN. In [14] , for the downlink of F-RAN, Park et al. investigated the cooperative cloud and edge processing. In [15] , Zhang et al. considered the NOMA based F-RAN and investigated the solutions of power and subchannel allocation to improve the network performance. In [16] , Qiu et al. analyzed the power allocation algorithms in F-RAN with the techniques of mmWave and interference mitigation. In [17] , Liu et al. considered the diverse preferences of the end users and evaluated the performance of the flexible transmission schemes at the physical-layer in F-RAN. In [18] , Zhang et al. exploited the techniques of interference mitigation, power and channel allocation, and mobility management to enhance the network performance of F-RAN. In [19] , Yan et al. introduced the metric of economical energy efficiency in F-RAN and evaluated the impacts of spectral efficiency, energy efficiency, and cost efficiency, on the performance of resource allocation. In [20] , Azimi et al. investigated the realtime content caching and delivery schemes in F-RAN with time-varying file popularity. In [3] , Xiang et al. proposed a novel architecture of F-RAN with access slicing, and presented the corresponding key enabling techniques. In [21] , Zhao et al. proposed a novel a non-orthogonal multiple access-based multicast scheme to simultaneously achieves the proactive pushing and active multicasting in F-RAN. In [22] , Song et al. studied the content delivery strategy in F-RANs with contentions among the fog users.
In this paper, different from that in [3] , [12] - [22] , we consider a hybrid F-RAN comprised of base stations and fog users, and investigate a novel hierarchical content delivery strategy. We summarize the contribution of this paper as follows.
• Based on Poisson point process theory, we provide a tractable analytical framework for F-RAN to accommodate the access of multimedia streaming service through hierarchical content delivery. Particularly, the F-RAN studied in this paper is formed by base stations (BSs), conventional cellular user equipments (C-UEs), and cache-enabled fog user equipments (F-UEs), where the locations of BSs, C-UEs and F-UEs are assumed to follow independent HPPPs. Further, we assume the presence of a library F := {1, 2, · · · , F} with Zipf distribution based request probability. To facilitate the repetitive downloading of multimedia files in F for C-UEs, a novel hierarchical content delivery strategy, which comprises of the BS transmission phase and F-UE transmission phase, is proposed. Particularly, under the proposed hierarchical content delivery strategy, a C-UE with a random file request is jointly and hierarchically served by its associated BS and the F-UEs within a distance of R d . Further, to resolve the contentions among the F-UEs, a carrier sensing based collision avoidance scheme is adopted in the F-UE transmission phase and only the F-UEs which have the minimal back-off timer among their respective competitors are selected to deliver the cached file. As such, the proposed hierarchical content delivery strategy can substantially enhance QoS of the F-RAN.
• We first derive the transmission probability of BSs in the F-RAN. Then, under the assumption of decentralized probabilistic caching placement, we further derive the average transmission probability of F-UEs. It is worth noting that for F-UEs in proximity, their transmission probabilities are actually dependent due to the potential dependencies of the received requests from a common set of surrounding C-UEs. As such, the spatial distribution of active F-UEs does not follow a HPPP, which thereby makes the utilization of probability generating functional (PGFL) infeasible. To overcome this obstacle, HPPP approximation is made on the active F-UEs for the characterization of the network performance of F-RAN with hierarchical content delivery strategy.
• Under the hierarchical content delivery strategy, we first evaluate the conditional cache hit probability. Then, we derive the analytical expression of the coverage probability. Finally, we analyze the SCDP of the F-RAN. Simulation examples are presented to validate our analytical results. The remainder of this paper is organized as follows. Section II provides the mathematical setup of F-RAN and demonstrates the hierarchical content delivery strategy. Section III quantifies the probability of transmission for BSs and F-UEs, respective, under the hierarchical content delivery strategy and makes the HPPP approximation on active F-UEs. In Section IV, under the HPPP approximation of active FUEs, we characterizes the cache hit probability, the coverage probability, and thereby SCDP of the F-RAN with the hierarchical content delivery strategy. By means of extensive simulations, Section VI validates our derived analytical results. Finally, Section VII points out our conclusions.
Notations of selected symbols used in this paper are summarized in Table 1 . 
II. SYSTEM MODEL
We consider an F-RAN formed by base stations (BSs), conventional cellular UEs (C-UEs) without caching capabilities, VOLUME 7, 2019 FIGURE 1. F-RAN with BSs, F-UEs, and C-UEs.
and dedicated fog UEs (F-UEs) with caching capabilities, as given by Fig. 1 , where the BSs, F-UEs and C-UEs, follow independent HPPPs with densities given by λ b , λ 0 and µ 0 , respectively. Further, we assume the presence of a library F := {1, 2, · · · , F} of multimedia files with the request probability of the f -th file given by
where γ ≥ 0. It is assumed that the BSs are capable of accessing all the files in F, while each cache-enabled F-UE only cache M = 1 file at the storage. We further assume that the F-UEs employ the decentralized probabilistic caching strategy with the corresponding content caching probability c f for file f . The transmit powers of BSs and F-UEs are denoted by P b and P d , respectively. For a C-UE at location x its received signal power from a BS at location x 1 is P b h|x 1 − x| −α , and its received signal power from a F-UE at location x 2 is given by P d g|x 2 − x| −α . Further, the SIR target is denoted by θ .
To facilitate the repetitive downloading of multimedia files in F for C-UEs, a novel hierarchical content delivery strategy, which comprises of the BS transmission phase and the F-UE transmission phase, is proposed. Particularly, under the proposed hierarchical content delivery strategy, a C-UE with a random file request is jointly and hierarchically served by its associated BS and the F-UEs within a distance of R d . Further, to resolve the contentions among the F-UEs, a carrier sensing based collision avoidance scheme is adopted in the F-UE transmission phase and only the F-UEs which have the minimal back-off timer among their respective competitors are selected to deliver the cached file. As such, the proposed hierarchical content delivery strategy can substantially enhance the quality of experience of the F-RAN. The details of the BS transmission phase and the F-UE transmission phase are described as follows.
• BS Transmission Phase: The C-UEs are assumed to make random requests of files in F with probability p f at the beginning of the BS Transmission Phase. Further, it is assumed that the C-UEs simply seek for services from the respective nearest BSs in the BS transmission phase. As such, the association areas of each BS forms a Voronoi cell on the plane. It should be noted that, in the BS transmission phase, upon receiving the requests within the respective Voronoi cell, to ensure the satisfactory of the majority of C-UEs, the tagged BS simply select the most requested file for content delivery. As such, in the BS transmission phase, the cache-hit performance of the F-RAN can be guaranteed.
• F-UE Transmission Phase: It is worth noting that if the respective request is not satisfied by the associated BS, the tagged C-UE then seek for service from the surrounding F-UEs in the F-UE transmission phase for content delivery. It is also worth noting that to suppress severe interference introduced by the active F-UEs, in the F-UE transmission phase, a carrier sensing based collision avoidance scheme is adopted. Particularly, we define N d as the interference threshold for carrier sensing based transmission of F-UEs. Then, a F-UE at location x is selected to serve the C-UE at location y if the following conditions hold:
1) The request of y is not served by its associated BS.
2) The F-UE x caches the file requested by the C-UE y. 3) |x−y| is less than or equal to the D2D collaboration distance R d , i.e., |x − y| ≤ R d . 4) The back-off timer of x is minimal among that of the competitors with respect to the interference threshold N d . Particularly, let r denote the F-UEs under requests. Then, the set of competitors of x, denoted by c , is defined as
Further, for the case that an F-UE is happen to be the nearest F-UE of multiple proximity C-UEs with the same file request, we assume that it can serve all these tagged C-UEs at the same time. In the next section, under the proposed hierarchical content delivery strategy, we first derive the density of active BSs and F-UEs.
III. TRANSMISSION PROBABILITIES OF BSs AND F-UEs
In this section, under the proposed hierarchical content delivery strategy, the transmission probabilities of BSs and F-UEs are derived.
A. TRANSMISSION PROBABILITY OF BS
The transmission probability of BS for the f -th file, denoted by q 
where 
Let q b denote the transmission probability of BSs. Then, we derive q b in the Theorem 3.
Theorem 3: Under the proposed hierarchical content delivery strategy, q b is given by
where
Let a b be the PP of all the active BSs under the hierarchical content delivery strategy and let λ a b be the density. We then obtain Corollary 4. 
Let f be the PP of C-UEs with the request of the f -th file served by their associated BSs and let µ b f be the corresponding density.
Corollary 5: Under the proposed hierarchical content delivery strategy, the density of f is given by
Remark 6: It is worth noting that the decision of BS on file selection is affected by the joint applications of C-UEs. As such, the locations of the C-UEs in f which associate with the same BS are correlated and thereby f does not follow a HPPP.
Further, let f be the PP of C-UEs with the request of the f -th file failed to be served by their associated BSs and let µ b f be the corresponding density.
Corollary 7: Under the proposed hierarchical content delivery strategy, the density of f is given by
Remark 8: Similar as that in Remark 6, the locations of the C-UEs with the same associated BS in f are dependent. As such, f is non-HPPP. Then, for the evaluation of the transmission probability of F-UEs, we make the following approximation on f .
Assumption 9: For F-RAN, f follows a HPPP with density µ b f . In the next subsection, we derive the transmission probability of F-UEs under Assumption 9.
B. TRANSMISSION PROBABILITY OF F-UEs
With hierarchical content delivery strategy, the transmission probability of F-UEs for the f -th file, denoted by q f d , is defined as
where ζ f is the requesting probability of the C-UEs failed to be served by their associated BSs for the f -th file within a distance of R d , and ϑ f denotes the respective successful competition probability. Then, with Assumption 9, we first derive ζ f in Lemma 10.
Lemma 10: For F-RAN with the proposed hierarchical content delivery strategy, under Assumption 9, ζ f is given by
Proof: Given the density µ b f , by applying the void probability, ζ f is thus obtained.
Remark 11: It can be observed from (9) 
Noting that for F-UEs within a distance of R d , the associated C-UEs may overlapped. As such, ϒ r d does not follow a HPPP. Taking this difficulty into consideration, we make the following approximation on ϒ r d . Assumption 13: For F-RAN, ϒ r d follows a HPPP with density λ r 0 . With (9) and (10), we derive the respective successful competition probability in Lemma 14.
Lemma 14: For F-RAN with the proposed hierarchical content delivery strategy, under Assumption 13, ϑ f is given by
Proof: See Appendix B. With ζ f and ϑ f , we thus derive the transmission probability q f d for F-UEs under the proposed hierarchical content delivery strategy as follows.
Lemma 15: For F-RAN with the proposed hierarchical content delivery strategy, under Assumption 13, q f d is given by
Proof:
Under the proposed hierarchical content delivery strategy, (12) can be readily derived based on Lemmas 10 and 14.
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Let q d denote the transmission probability of F-UEs. Then, we derive q d in Theorem 16.
Theorem 16: For F-RAN with the proposed hierarchical content delivery strategy, under Assumption 13, q d is given by 
Noting that due to the process of competition, ϒ 
In the next section, under Assumption 18, we evaluate the SCDP of the F-RAN.
IV. SCDP OF C-UEs SERVED BY BSs AND F-UEs
In this section, we characterize the SCDP of BSs and F-UEs, respectively, under the proposed hierarchical content delivery strategy.
A. SCDP OF C-UEs SERVED BY BSs
The SCDP of C-UEs Served by BSs, denoted by τ b , is defined as
where C 
with l b denoted as the distance between a C-UE and its associated BS.
Proof: See Appendix C. 
where U i = p i · (16), (19) is thus obtained.
B. SCDP OF C-UEs SERVED BY F-UEs
The SCDP of C-UEs served by F-UEs, denoted by τ d , is defined as
where ξ f d denotes the conditional cache-hit probability, and C f d denotes the coverage probability of F-UEs for content delivery. Then, under Assumption 18, ξ f d is derived as follows.
Lemma 24: For F-RAN with the proposed hierarchical content delivery strategy, under Assumption 18, ξ f d is given by
Proof: Conditioned on that the tagged C-UE is requesting the f -th file, based on Lemma 1, by applying the void probability, (21) is immediately obtained. Remark 26: Let ξ d denote the mean value of the cache hit probability of C-UEs. Based on Lemma 24, it can be obtained that
Let l f denote the distance between a C-UE and its associated F-UE with respect to the f -th file. Then, with Assumption 13 the distribution f (l f ) of l f is derived as follows.
Lemma 27: With Assumption 13, f (l f ) is given by
Proof: It is worth noting that under Assumption 18, the cdf of l f is given by
Then, by taking the derivative of F(l f ), it can be obtained that 
This thus obtains f (l f
and
respectively, where
and f (l f ) is given by (22) . Theorem 30: For F-RAN with the proposed hierarchical content delivery strategy, under Assumption 18, τ d is bounded as
and the φ(x) and φ * (x) are given by (26) and (27), respectively.
Proof: With p f , ξ f and C bounded by
respectively. We first plot the analytical and simulated values of the transmission probability q b and q d , respectively, in Fig. 2 and Fig. 3 . As expected, the numerical results of the transmission probability of BS and F-UE with proposed hierarchical content delivery strategy are in accordance with our analytical results. Particularly, the consistency of the analytical and simulated results of q d validates the effectiveness of Assumptions 1 and 2.
We then verify the cache hit probability ξ
APPENDIX B PROOF OF LEMMA 14
Proof: Considering a F-UE in ϒ r d at location y. Let y denote the set of competitors of y. Further, let λ r d (u) denote the density of F-UEs in y at a distance of u from y. Then, under Assumption 13, we have
where b i is the back-off timer of the i-th competitor of y, and t the back-off timer of x o , and
This finishes the proof.
APPENDIX C PROOF OF LEMMA 20
Proof: For F-RAN with the proposed hierarchical content delivery strategy, the received SIR of the tagged C-UE with respect to its associated BS is given by 
APPENDIX D PROOF OF LEMMA 28
denotes the interference from the active F-UEs which transmits other files except the f -th file, and k∈ a b P b |X k | −α h k denotes the interference from the active BSs.
Based on (39), under Assumption 1 and Assumption 3, C f d for the f -th file under the proposed hierarchical content delivery strategy is then given by (40), as shown at the bottom of the previous page, where f (l f ) is provided in Lemma 27. Further, based on [22] , the λ f (u) is bounded by
Then, by applying (41) and (42) on (40), (24) 
